Although numerous biological functions of the activating transcription factor 4 (ATF4) have been identified, a direct effect of ATF4 on alcoholic liver steatosis has not been described previously. The aim of our current study is to investigate the role of ATF4 in alcoholic liver steatosis and elucidate the underlying mechanisms. Here, we showed that the expression of ATF4 is induced by ethanol in hepatocytes in vitro and in vivo, and liverspecific ATF4 knock-out mice are resistant to ethanol-induced liver steatosis, associated with stimulated hepatic AMP-activated protein kinase (AMPK) activity. Furthermore, adenovirus-mediated AMPK knockdown significantly reversed the suppressive effects of ATF4 deficiency on ethanol-induced liver steatosis in mice. In addition, ethanol-fed ATF4 knock-out mice exhibit AMPK-dependent inhibition of fatty acid synthase and stimulation of carnitine palmitoyltransferase 1 (CPT1) in the liver. Moreover, hepatic Tribbles homolog 3 (TRB3) expression was stimulated by ethanol in an ATF4-dependent manner, and adenovirus-mediated TRB3 knockdown blocked ATF4-dependent ethanol-induced AMPK inhibition and triglyceride accumulation in AML-12 cells. Finally, TRB3 directly interacted with AMPK to suppress its phosphorylation. Taken together, these results identify the ATF4-TRB3-AMPK axis as a novel pathway responsible for ethanol-induced liver steatosis.
People consuming excessive amounts of alcohol for prolonged periods suffer from alcoholic liver disease, which encompasses fatty liver, hepatic inflammation and necrosis, progressive fibrosis, and hepatocellular carcinoma (1) . Alcoholic fatty liver is the early stage of alcoholic liver disease, characterized by increased accumulation of fat in the liver, which is usually caused by increased free fatty acid (FFA) 4 uptake, augmented de novo lipogenesis, decreased ␤-oxidation, and/or impaired triglyceride (TG) export (2) . Studies have identified some important regulators for ethanol-induced liver steatosis, including sirtuin 1 (SIRT1) (3), sterol regulatory element-binding protein 1 (SREBP-1) (4), peroxisome proliferator-activated receptor ␥ coactivator 1-␣ (PGC-1␣) (5) , and 5Ј-adenosine monophosphate-activated protein kinase (AMPK) (6 -8) .
Among them, AMPK is one of the most important regulators (6 -8) . AMPK is a heterotrimeric complex consisting of a catalytic ␣ subunit and two regulatory ␤/␥ subunits. It acts as a key metabolic "switch" by phosphorylating target enzymes involved in lipid metabolism, such as acetyl-CoA carboxylase (ACC) (9) . Malonyl-CoA, the product of ACC, is both a precursor for fatty acid biosynthesis and a potent inhibitor of ␤-oxidation at the step regulated by carnitine palmitoyltransferase I (10) . AMPK activity is suppressed under ethanol exposure (6) and activation of AMPK by its activator (5-aminoimidazole-4-carboxamide 1-␤-D-ribofuranoside) or metformin prevents ethanol-induced liver steatosis (11, 12) . However, the molecular mechanisms underlying ethanol suppression of AMPK activity remain largely unknown. Activating transcription factor 4 (ATF4) is a transcription factor that belongs to the family of basic zipper-containing proteins (13) , which is constitutively expressed in a wide variety of tissues, including white adipose tissue, brown adipose tissue, and liver (14) . ATF4 is involved in the regulation of many biological processes, including osteoblast differentiation (15) and oxidative stress response (16) . Recent studies have also demonstrated an important role of ATF4 in glucose and lipid metabolism (17) (18) (19) (20) (21) . For example, deletion of ATF4 protects mice from high-carbohydrate diet-or high-fat diet-induced liver steatosis (17, 18) and high-fructose diet-induced hypertriglyceridemia (21) . A role of ATF4 in ethanol-induced liver steatosis, however, has not previously been studied. Interestingly, ATF4 expression is induced by ethanol exposure in human hepatocytes (22) , bone marrow stromal cells (23) , and rat livers (24) . Furthermore, ATF4 inhibits the activity of hypothalamic AMPK (20) , a kinase that plays a central role in ethanol-induced liver steatosis (6 -8) . We therefore hypothesized that ATF4 may play a role in ethanol-induced liver steatosis. The aim of our current study is to investigate this possibility and elucidate the underlying mechanisms.
In our current study, we showed that ATF4 liver-specific knock-out (ALKO) mice are resistant to ethanol-induced liver steatosis via activation of AMPK. Furthermore, ATF4 regulates AMPK activity via Tribbles homolog 3 (TRB3), a direct target of ATF4 (25) , which could bind directly to AMPK and suppress its phosphorylation. Taken together, our results identify the ATF4-TRB3-AMPK axis as a novel pathway responsible for ethanol-induced liver steatosis.
Results
Ethanol Treatment Induces ATF4 Expression in Hepatocytes in Vitro and in Vivo-As predicted, Atf4 mRNA and protein were significantly increased following ethanol treatment compared with control cells (Fig. 1, A and B) . Similar results were obtained in the livers of mice fed an ethanol diet for 4 weeks compared with mice maintained on a pair-fed control diet (Fig.  1, C and D) .
ALKO Mice Are Resistant to Ethanol-induced Liver Steatosis-The elevated expression of ATF4 in response to ethanol exposure indicates a possible involvement of ATF4 in ethanol-induced liver steatosis. To test this possibility, we fed ALKO or WT mice with a control or an ethanol diet for 4 weeks and examined whether hepatic ATF4 knock-out could prevent ethanol-induced liver steatosis. ALKO mice were generated as described previously (26) and exhibited decreased Atf4 mRNA levels only in the liver and not in muscle or white adipose tissue, with similar body weight, liver weight and food intake compared with ATF4 flox/flox (ATF4 f/f ) mice under a normal chow diet.
As predicted, ethanol elevated hepatic Atf4 mRNA levels in WT mice, but not in ALKO mice, compared with corresponding control diet mice ( Fig. 2A) . However, there was no significant difference in body weight and food intake among the four groups of mice, except that liver weight showed an increased tendency in ethanol-fed WT mice but not in ALKO mice. Histopathological analysis revealed that ethanol caused microvesicular and macrovesicular steatosis in the livers of WT mice compared with control-fed WT mice (Fig. 2B) . In contrast, ALKO mice substantially alleviated lipid accumulation in livers when fed an ethanol diet (Fig. 2B) . Accordingly, lower levels of hepatic and serum TG were detected in ALKO mice compared with WT mice when challenged with ethanol (Fig. 2, C and D) . However, no difference was observed in ethanol-increased hepatic or serum total cholesterol (TC), as well as serum FFAs, between WT and ALKO mice (Fig. 2, C and D) . Also, ethanol increased serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in WT mice, but not in ALKO mice, compared with corresponding control-fed mice (Fig. 2E) .
ALKO Mice Suppress Ethanol-induced Liver Steatosis via Activation of AMPK-It has been reported that AMPK is an important regulator for ethanol-induced liver steatosis (6) and AMPK activity is inhibited by ATF4 activation in the hypothalamus of mice (20) . These results suggest that ALKO mice may resist ethanol-induced liver steatosis via the activation of AMPK. To test this possibility, we examined phosphorylation of hepatic AMPK and its direct downstream target ACC (27) in WT and ALKO mice fed a control or ethanol diet. As expected, ethanol significantly decreased hepatic p-AMPK and p-ACC in WT mice compared with control-fed WT mice, whereas the suppressive effects of ethanol were largely abolished in ALKO mice (Fig. 3A) .
To confirm a role of AMPK in ATF4 regulation of ethanolinduced liver steatosis, we injected ethanol-fed ALKO mice with adenovirus expressing a dominant negative AMPK variant (Ad-DN AMPK) or control green fluorescent protein (Ad-GFP). Functional validation of Ad-DN AMPK was demonstrated by its increased expression and its ability to reduce ethanol-increased p-ACC in the livers of ALKO mice injected with Ad-DN AMPK (Fig. 3B) . No significant difference in body weight and liver weight was observed in ALKO mice following injection of Ad-DN AMPK compared with Ad-GFP injection. In contrast, Ad-DN AMPK significantly reversed the protective effects of ATF4 deficiency on ethanol-induced liver steatosis, as demonstrated by histological changes, as well as the contents of hepatic TG and serum TG, although it had no significant effects on contents of hepatic TC and serum TC and FFAs (Fig. 3,  C-E) . Interestingly, Ad-DN AMPK decreased hepatic FFAs in ethanol-fed ALKO mice (Fig. 3D) . Ad-DN AMPK also reversed the suppressed serum AST and ALT levels in ALKO mice following ethanol exposure (Fig. 3F) .
ALKO Mice Exhibit AMPK-dependent Inhibition of FAS and Stimulation of CPT1 in Liver following Ethanol
Feeding-A disorder in lipid metabolism is one of the major causes for liver steatosis (28) . We therefore examined the effects of ATF4 on genes and proteins related to lipid metabolism in the livers of ALKO and WT mice fed a control or ethanol diet. Genes involved in lipogenesis including Srebp1c (sterol regulatory element-binding protein 1c), Chrebp (carbohydrate-responsive element-binding protein), PPAR␥ (peroxisome proliferator-activated receptor ␥), Acc (acetyl-CoA carboxylase), Acl (ATP citrate lyase), Fas (fatty acid synthase), and Scd1 (stearoyl-CoA desaturase); genes involved in fatty acid oxidation including Ppar␣ (peroxisome proliferator-activated receptor ␣) and Cpt1␣ (carnitine palmitoyltransferase 1a); genes involved in TG secretion including ApoB (apolipoprotein B) and ApoE (apolipoprotein E); and genes involved in fatty acid uptake including Cd36 (cluster of differentiation 36) and Fabp (fatty acid binding protein). Expression of Srebp1c, Acc, and Fas was significantly induced, but expression of Ppar␣ and Cpt1␣ was reduced, in the livers of WT mice fed an ethanol diet compared with WT mice maintained on a control diet, whereas these ethanol-induced changes in WT mice livers were abolished in ALKO mice (Fig. 4A) . No significant differences in other genes were observed in the livers of WT and ALKO mice fed an ethanol diet (Fig. 4A) . Furthermore, Ad-DN AMPK significantly reversed the expression of Srebp1c, Acc, Fas, Ppar␣, and Cpt1␣ in the livers of ethanol-fed ALKO mice compared with Ad-GFP-injected ALKO mice (Fig. 4B) . As with the changes of mRNA levels, the protein levels of hepatic FAS and CPT1 were also reversed by Ad-DN AMPK injection (Fig. 4, C and D) .
ATF4 Inhibits AMPK Activity and Promotes TG Accumulation via Increasing TRB3 Expression in Vitro under Ethanol
Treatment-TRB3 is a direct target gene of ATF4 (29, 30) and induced by ethanol in rat liver (31) , suggesting the possible involvement of loss of TRB3 in mediating ATF4 deletion on stimulated AMPK activity following ethanol exposure. Consistent with this possibility, ethanol increased hepatic TRB3 expression in WT mice, and this effect was abolished in ALKO mice (Fig. 5A) . Furthermore, adenovirus-mediated TRB3 knockdown increased AMPK and ACC phosphorylation in mouse primary hepatocytes (Fig. 5B) , and overexpression of TRB3 had the opposite effects in mouse primary hepatocytes (Fig. 5C ). AMPK and ACC phosphorylation induced by human tumor suppressor liver kinase B1 (LKB1) and calmodulin-activated kinase kinase (CaMKK2), the two well known stimulators for AMPK activity (32), were also suppressed by TRB3 overexpression in mouse primary hepatocytes (Fig. 5, D 
and E).
A role of TRB3 in mediating ethanol inhibition of AMPK was then tested in a mouse hepatocyte cell line AML-12 infected with adenovirus expressing small hairpin RNAs against TRB3 (Ad-shTRB3) or scrambled adenovirus (Ad-scrambled) in the presence or absence of ethanol. As predicted, ethanol-induced AMPK and ACC inhibition, as well as TG accumulation, were blocked by TRB3 knockdown (as demonstrated by decreased Trb3 mRNA and protein) in AML-12 cells compared with control cells (Fig. 6, A and B) . The possibility that TRB3 is a downstream effector of ATF4 under ethanol exposure was demonstrated by the fact that ethanol-induced TRB3 expression was blocked by adenovirus expressing a dominant negative ATF4 variant (Ad-DN ATF4) in AML-12 cells (Fig. 6 , C and D). Furthermore, ATF4 knockdown-induced stimulation of AMPK and ACC phosphorylation and inhibition of TG accumulation under ethanol treatment was largely reversed by adenovirus-mediated overexpression of TRB3 in AML-12 cells (Fig. 6 , E and F). 
TRB3 Binds to AMPK␣ Directly and Inhibits Its
Phosphorylation-It is shown that TRB3 inhibits AKT phosphorylation by directly binding to AKT/PKB (33) . However, little is known regarding the mechanisms of TRB3 inactivation of AMPK. Interestingly, using the multiple sequence alignment tool DNAman, we found that amino acid sequence around Thr-172 of AMPK␣ is highly similar to the sequence around Thr-308 of AKT/PKB, which was exactly the domain that binds to TRB3 (33) (Fig. 7A ). This resemblance suggested that TRB3 may directly bind to AMPK and inhibit its phosphorylation. Indeed, co-immunoprecipitation (co-IP) experiments in HEK-293T cells transfected with Myc-TRB3 and HA-AMPK␣ revealed that HA-AMPK␣ could interact with TRB3 (Fig. 7B) . Furthermore, GST pull-down assays also showed a direct binding of AMPK␣ and TRB3 (Fig. 7C) .
To identify the region mediating the interaction between AMPK␣ and TRB3, we constructed different HA-tagged AMPK␣ fragments, including residues 287-552 (AMPK␣/⌬N), 1-278 (AMPK␣/⌬C), and full-length (AMPK␣/WT) (Fig. 7D) , and co-transfected these plasmids with Myc-TRB3 in HEK-293T cells. A co-IP assay revealed that the region mediating the interaction between AMPK␣ and TRB3 was located in residues 1-278 of the kinase domain of AMPK␣ (Fig. 7E) . Further deletion mutant analysis showed that an activation loop (residues 157-183) was necessary for AMPK interaction with TRB3 (Fig. 7E) . TRB3 has the N-terminal kinase domain (residues 1-113), the kinase-like domain (residues 114 -315), and the C-terminal domain (residues 316 -355). Truncated mutant analysis showed that neither the N-nor the C-terminal domain of TRB3 was necessary for its interaction with AMPK␣ (Fig.  7E) . In contrast, deletion mutant analysis revealed that the central region (residues 238 -266) within the kinase-like domain of TRB3 was required for its interaction with AMPK␣ (Fig. 7E) . Interestingly, we also observed direct binding between TRB3 and AMPK in the livers of WT mice, and this binding was augmented by ethanol exposure and abolished in ALKO mice (Fig.  7F) . Furthermore, we found that the effect of TRB3 on AMPK and ACC phosphorylation and TG accumulation depends on the central region within the kinase-like domain of TRB3 (Fig.  7, G and H) . Consistent with previous reports showing that TRB3 can bind to and inhibit AKT phosphorylation (33), we also found that the AKT activity is inhibited by ethanol feedinginduced TRB3 activation in the livers of WT mice (Fig. 7I) , and the binding between AKT and TRB3 is increased in livers of mice following ethanol treatment (Fig. 7J ).
Discussion
Although it has been shown that ATF4 expression is induced by ethanol (22, 23, 24, 34) , a direct effect of ATF4 on alcoholic liver steatosis has not been described previously. Furthermore, the knowledge about tissue-specific function of ATF4 is very limited, except for a study showing that ATF4 expressed in the osteoblast or liver is important for blood glucose control (36) . In this study, we showed that knock-out of ATF4 in the liver has no effect on hepatic TG accumulation under a pair-fed control diet, but it significantly prevented ethanol-induced liver steato- sis. Consistent with our work, other studies showed that CYP2E1 (cytochrome P450 2e1) regulates ethanol-induced liver steatosis, associated with corresponding changes in ATF4 expression (22) . In addition, we believe that the effect of ATF4 is a hepatocyte cell-autonomous response because similar results were obtained in our in vitro study using AML-12 cells. Furthermore, we did not observe any difference in body weight and fat mass between ALKO and control mice under an ethanol diet. Thus, our current study demonstrates a novel function of hepatic ATF4 in the regulation of ethanol-induced liver steatosis, which should shed light on the causes of ethanol-induced liver steatosis. Moreover, elevated ATF4 expression is also observed in other ethanol-induced liver injury (37) , suggesting that ATF4 might be involved in the development of other ethanol-induced liver metabolic diseases, which need to be studied in the future.
In recent years, accumulated evidence has identified several important targets of ethanol action in the liver, including SIRT1 (3), SREBP-1 (8), PGC-1␣ (5), and AMPK (6 -8, 38) . Among those molecules, AMPK appears to be the most important target of ethanol in liver. AMPK activity is impaired by ethanol exposure and then stimulates downstream effectors, for example, lipin 1 (39), resulting in subsequent inhibition of fatty acid ␤-oxidation and stimulation of lipogenesis that contribute to accumulation of TG in vitro or in vivo (7, 40, 41) . Except for SIRT1 (3), FGF21 (fibroblast growth factor 21) (41), and adiponectin (7), very little is known about the molecular mechanisms leading to the impairment of AMPK activity under ethanol exposure. A previous study (20) has shown that AMPK activity is regulated by ATF4 in the hypothalamus, whereas no study has tested whether it may mediate ATF4 downstream effects. As observed in the hypothalamus (20) , we showed that ethanol-fed hepatic AMPK activity was stimulated in ALKO mice. The importance of the activation of AMPK in ALKO mouse resistance to ethanol-induced liver steatosis was demonstrated by the reversal effects of Ad-DN AMPK on the protective effects of ATF4 knock-out. Consistent with these results, we also provided evidence showing that the protective role of ATF4 knock-out and the reversal effects of AMPK knockdown are associated with the changes in genes and proteins related to ␤-oxidation and lipogenesis, as shown previously (6, 8) . These results not only demonstrate an important role of AMPK in ATF4 regulation of ethanol-induced liver steatosis but also provide evidence for a novel upstream signaling to AMPK inhibition during ethanol exposure.
TRB3, a known direct target of ATF4 (25, 29, 30) , is induced by ethanol treatment in cells (33, 42) and livers, as shown in our current study. However, the role of TRB3 in alcoholic liver steatosis has not been studied previously. Consistent with previous results (31), we found that TRB3 expression was induced by ethanol in hepatocytes in an ATF4-dependent manner. We further provided evidence demonstrating that TRB3 functions as a downstream signal of ATF4 in the regulation of ethanol-induced inhibition of AMPK and ACC phosphorylation and stimulation of TG accumulation in AML-12 cells. Interestingly, we found that overexpression of TRB3 significantly decreased mRNA levels of ATF4 in AML-12 cells, which is possibly due to a feedback regulation, as shown previously (29) . We also noticed that there was a difference in TRB3 protein levels between the livers of mice fed an ethanol diet for 28 days and the AML-12 cells treated with ethanol for 24 h. We speculated that the difference might be caused by the difference in the duration of ethanol treatment and the sensitivity to ethanol stimulation in mice livers and AML-12 cells.
In this study, we not only demonstrated an important role of TRB3 in mediating ATF4 regulation of ethanol-induced response, including inhibition of AMPK and ACC activity and stimulation of TG accumulation, but also provided evidence showing that TRB3 could directly regulate AMPK activity in mouse primary hepatocytes. Interestingly, we found that TRB3 overexpression not only inhibited basal AMPK and ACC activity but also blocked LKB1-or CaMKK2-stimulated AMPK and ACC activation in mouse primary hepatocytes. In contrast to our results, there are other studies showing that decreased TRB3 is associated with decreased AMPK activity in LKB1 muscle knock-out mice (43) , or TRB3 does not affect AMPK activity in HepG2 cells (44) . The differences in the effects of TRB3 on AMPK activity could be due to the involvement of different signals or treatment under different experimental conditions.
We further explored the possible mechanisms underlying TRB3 control of AMPK activity. A previous study (33) has shown that TRB3 directly binds to AKT and blocks its phosphorylation at Thr-308. It has also been shown that ethanol increases cytosolic TRB3 protein levels, and TRB3 binds to AKT and prevents its plasma membrane association (42) . Using multiple sequence alignment tools, we found that AKT and AMPK␣ have conserved amino acid sequence, especially for the amino acids around Thr-172 of AMPK and Thr-308 of AKT. We therefore hypothesized that TRB3 binds to AMPK␣ and prevents its phosphorylation in a similar manner to how TRB3 binds to AKT. This speculation was then confirmed by GST pull-down and co-IP assays, which revealed that TRB3 could bind directly to AMPK␣. Deletion mutant analysis showed that the interaction region of AMPK␣ was located in the activation loop. Interestingly, the central region (residues 238 -266) of the kinase-like domains of TRB3, which binds to AKT (33), was not only responsible for the interaction between TRB3 and AMPK␣ but also indispensable for its inhibition of AMPK and ACC phosphorylation. Endogenous co-IP indicated that ethanol treatment promoted the interaction between TRB3 and AMPK␣. Because ethanol increases TRB3 expression and the increase is blocked by ATF4 knock-out, we speculate that the altered binding between TRB3 and AMPK in vivo might be determined by the altered TRB3 levels. All of these results implied that TRB3 is a novel important suppressor of AMPK via directly binding to it. We have to note that our study represents the first time that a direct binding of TRB3 to AMPK has been demonstrated. Because TRB3 is also a suppressor of AKT (33) , and the AKT activity is decreased and the binding between AKT and TRB3 is increased in the livers of ethanol-feeding mice, AKT might also be involved in ATF4-regulated ethanolinduced liver steatosis. However, activation of AKT promotes fatty acid synthesis (45); therefore, given the effects of ethanol on stimulating TG accumulation, we believe that the inactivated AMPK plays a more significant role than AKT following ethanol treatment.
It is well known that ATF4 is an endoplasmic reticulum stress induced transcription factor (46) . Alcohol-induced endoplasmic reticulum stress has recently been established as an important mechanism for ethanol-induced liver diseases (47); therefore, whether endoplasmic reticulum stress is involved in ATF4-regulated ethanol-induced liver steatosis needs to be studied in the future.
In summary, we have shown that ethanol induces hepatic ATF4 and TRB3 expression, which subsequently inhibits AMPK activity and results in liver steatosis. Therefore, hepatic ATF4 knock-out mice were resistant to ethanol-induced liver steatosis. Furthermore, we demonstrate TRB3 as a direct upstream regulator of AMPK. These results highlight the ATF4-TRB3-AMPK axis as a major signaling route in the pathogenesis of alcoholic liver steatosis and also a potential therapeutic target for the treatment of alcoholic liver steatosis and possibly other related liver diseases.
Experimental Procedures
Animal Studies and Chronic Ethanol Model-The 8 -10-week-old male C57/BL6 background liver-specific ALKO mice were bred by crossing ATF4
f/f mice with albumin-Cre mice (26) . ALKO and ATF4
f/f mice were divided into four groups: 1) ATF4 f/f mice pair-fed a control diet (Bio-Serv, Flemington, NJ); 2) ATF4 f/f mice fed an ethanol diet (Bio-Serv); 3) ALKO mice pair-fed a control diet; and 4) ALKO mice fed an ethanol diet. The animal feeding protocol was described previously (48) . Briefly, all mice were fed a control diet for 5 days to adapt to liquid diet feeding, and on day 6, ethanol-fed mice group were changed to the isocaloric alcoholic diet containing 5% ethanol. All mice were then fed each liquid diet for 4 weeks. For the ethanol feeding period, food intake of the ethanol-fed mice was recorded, and the weight-matched control feeding mice were pair-fed with the same volume of the control diet, so that ethanol-and pair-fed mice consumed equal amounts of diet and ingested the same energy. All experiments were conducted in accordance with the guidelines of the institutional animal care AUGUST 26, 2016 • VOLUME 291 • NUMBER 35 and use committee of the Institute for Nutritional Sciences, Shanghai Institute for Biological Sciences, Chinese Academy of Sciences. Animals were housed individually in a room with controlled temperature (20 -22°C), humidity (55-65%), and lighting (on at 7 a.m. and off at 7 p.m.).
ATF4 Regulates Alcoholic Liver Steatosis via AMPK
Cell Culture and Treatment-The mouse AML-12 hepatocyte cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured as described previously (8) . For ethanol treatment in cells, the incubator was added with water containing the same concentration of ethanol to prevent ethanol volatilization as described before (48) . Primary hepatocytes were prepared by collagenase perfusion as described previously (49) Generation and Administration of Recombinant Adenovirus-The recombinant adenovirus expressing a dominant negative ATF4 variant (Ad-DN ATF4) was generated using the AdEasy TM vector system (Qiagen, Hilden, Germany). Adenovirus expressing a dominant negative AMPK variant (Ad-DN AMPK) was kindly provided by Dr. Jia Li. Adenovirus expressing TRB3 (Ad-TRB3) was purchased from Hanbio (Shanghai, China). Adenovirus expressing scrambled or short hairpin RNA for mouse TRB3 was generated as reported previously (50) . Viruses were diluted in PBS and administered at a dose of 1.5 ϫ 10 7 plaque-forming units/well in a 12-well plate or through tail vein injection using 5 ϫ 10 8 plaque-forming units/mouse.
Biochemical Analysis-Hepatic and cellular lipids were extracted with chloroform/methanol (2:1), as described previously (51, 52) . TG, TC, FFAs, ALT, and AST were determined using a TG kit (BHKT Clinical Reagents, Beijing, China), a TC kit (SSUF-C, Shanghai, China), an FFA kit (Wako Pure Chemical Industries, Osaka, Japan), and an AST or ALT kit (ShenSuoYouFu, Shanghai, China), respectively. All of these assays were performed according to the manufacturer's instructions.
Histopathological Analysis-Liver sections were stained with hematoxylin and eosin as reported previously. Frozen sections of liver were stained with Oil Red O (Sigma).
RNA Isolation and Quantitative RT-PCR-RNA isolation and RT-PCR were performed as described previously (19) . GAPDH was used as an internal control for each gene of interest. The sequences of primers used in this study is shown in Table 1 .
Western Blotting-Western blotting was performed as described previously (17) . Primary antibodies (anti-ATF4, anti-TRB3, and anti-Myc tag (Santa Cruz Biotechnology, Inc., Dallas, TX); anti-AMPK, anti-p-AMPK (Thr-172/183), anti-ACC, anti-p-ACC (Ser-79), anti-AKT, and anti-p-AKT (Thr-308) (Cell Signaling Technology, Danvers, MA); and anti-HA and anti-␤-actin (Sigma)) were incubated overnight at 4°C, and specific proteins were visualized by ECL Plus (GE Healthcare).
Co-IP and GST Pull-down Assays-Co-IP and GST pulldown assays were conducted as described previously (35) . For the GST pull-down assay, 293T cells were cotransfected with the plasmids expressing the GST-His 8 -tagged TRB3 and AMPK␣.
Statistics-All data are expressed as means Ϯ S.E. Significant differences were assessed by two-tailed Student's t test or oneway analysis of variance followed by the Student-NewmanKeuls test. p Ͻ 0.05 was considered statistically significant.
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TABLE 1 Primers for quantitative RT-PCR

Primer Sequence
Acc-F 5Ј-TGACAGACTGATCGCAGAGAAAG-3Ј Acc-R 5Ј-TGGAGAGCCCCACACACA-3Ј Acl-F 5Ј-GCCAGCGGGAGCACATC-3Ј Acl-R 5Ј-CTTTGCAGGTGCCACTTCATC-3Ј Apob-F 5Ј-CGTGGGCTCCAGCATTCTA-3Ј Apob-R 5Ј-TCACCAGTCATTTCTGCCTTTG-3Ј Apoe-F 5Ј-GCTGGGTGCAGACGCTTT-3Ј Apoe-R 5Ј-TGCCGTCAGTTCTTGTGTGACT-3Ј Atf4-F 5Ј-CCTGAACAGCGAAGTGTTGG-3Ј Atf4-R 5Ј-TGGAGAACCCATGAGGTTTCAA-3Ј Cd36-F 5Ј-TGGAGCTGTTATTGGTGCAG-3Ј Cd36-R 5Ј-TGGGTTTTGCACATCAAAGA-3Ј Chrebp-F 5Ј-CTGGGGACCTAAACAGGAGC-3Ј Chrebp-R 5Ј-GAAGCCACCCTATAGCTCCC-3Ј Cpt1␣-F 5Ј-TGGCATCATCACTGGTGTGTT-3Ј Cpt1␣-R 5Ј-GTCTAGGGTCCGATTGATCTTTG-3Ј Fas-F 5Ј-GGAGGTGGTGATAGCCGGTAT-3Ј Fas-R 5Ј-TGGGTAATCCATAGAGCCCAG-3Ј Fabp-F 5Ј-GCTGCGGCTGCTGTATGA-3Ј Fabp-R 5Ј-CACCGGCCTTCTCCATGA-3Ј Ppar␣-F 5Ј-CTGCAGAGCAACCATCCAGAT-3Ј Ppar␣-R 5Ј-GCCGAAGGTCCACCATTTT-3Ј Ppar␥-F 5Ј-GAGAAGCTGTTGGCGGAGAT-3Ј Ppar␥-R 5Ј-GCTCGCAGATCAGCAGACTCT-3Ј Scd1-F 5Ј-CCGGAGACCCCTTAGATCGA-3Ј Scd1-R 5Ј-TAGCCTGTAAAAGATTTCTGCAAACC-3Ј Srebp-1c-F 5Ј-GGAGCCATGGATTGCACATT-3Ј Srebp-1c-R 5Ј-GGCCCGGGAAGTCACTGT-3Ј Trb3-F 5Ј-CAGGAAGAAACCGTTGGAGTT-3Ј Trb3-R 5Ј-CCAAAAGGATATAAGGCCCCAGT-3Ј
